The purpose of this paper was to review Intelligent Compaction (IC) techniques, which is regarded relatively new to the railroad roadbed construction activity. Most of civil structures are built on roadbed that supposed to provide adequate load bearing support to the upper structure through the qualified compaction process. However, it is not uncommon for structure failure attributed to inadequate compaction control take place in field sites. Unlike traditional compaction control method to check field density at several locations, IC techniques continuously measure various compaction quality indices that represent compaction uniformity. In this paper, a series of literature review relevant to IC techniques was conducted to provide concise summary on the following categories: 1) background of IC technique; 2) Summary of IC vendors and basic principles; 3) modeling of IC behavior, and 4) case study along with correlation between IC with other measurements. In summary, IC technologies seem to be promising in future railroad construction to achieve better compaction quality control so that the serviceability of railroad can be ensured with minimizing rehabilitation and maintenance activities.
Introduction
Achieving uniform density and soil stiffness via compaction process is crucial to ensure service life of a railroad or pavement subjected to expected traffic. For any roadbed construction projects, the moisture density curves for the roadbed materials must be known to establish target field densities and approximate water contents required for compaction. Many transportation agencies accept compacted materials by means of density measurement employing the nuclear method, sand cone method to determine if the field-compacted material meets the minimum required density. In addition, plate bearing test and repeated plate bearing test are adopted in practice to check bearing capacity to ensure the uniformity of compaction for railroad roadbed construction. However there are many issues associated with this conventional density control method, including but not limited to: 1) In-situ spot tests or cores are limited and often conducted at random locations, and thus those tests are not necessarily representative for the entire construction area; 2) there may be weak or unqualified compaction areas unidentified by the limited spot tests; and 3) the measured density of top bound layer is limited to indicate the structural capacity of the entire pavement layers [1] .
To address these issues, the intelligent compaction (IC) technology has been evolved more than 20 years in order to provide a better quality control (QC) and quality assurance (QA) of compaction. The IC is typically composed of vibratory rollers equipped with the real-time kinematic Global Positioning System (GPS), roller-integrated measurement system, feedback controls, on-board real-time display of all IC measurements, and software that automates documentation of the results.
IC rollers maintains a continuous record of measurements that include the number of roller passes, roller-integrated measurement value, GPS locations of the roller, and roller vibration amplitudes/frequencies, etc. An example of such IC roller system is illustrated in Fig. 1 .
Summary of IC Principles and Vendors

IC Representative Vendors
There are at least 5 vendors around the world have made an effort to develop single-drum IC rollers to compact natural subgrade and aggregate materials. The drums can be smooth or fitted with a padfoot shell kit. Table 1 summarizes the list of vendors along with contact information.
Summary of IC Technologies
This section presents a brief review of the IC technologies and common systems listed in Table 1 .
Ammann/Case IC System
The Ammann/Case IC system is called the ACE and feedback drum system. The system is capable of adjusting roller vibratory amplitudes and frequencies depending on the condition of the compacted ground condition. The roller-integrated stiffness (k b ) is determined based on a lumped parameter two-degree-of-freedom spring-massdashpot model. The k b value is determined using equation 1, where f is the excitation frequency, m d is the drum mass, m e r e is the eccentric moment of the unbalanced mass, φ is the phase angle, and a is the vibration amplitude [2] .
(1)
The value can be determined when a full contact between drum and soil media is achieved. It is closely related to the plate loading test results.
Bomag IC System
The Bomag IC system is capable of measuring compaction values that can be transferred to another computer using USB memory stick for further analysis and reporting using the BCM05 office software. The Bomag IC measurements value is E vib , vibration modulus or stiffness, computed using the one-degree-of-freedom lumped parameter model along with Lundeberg's theoretical solution for a rigid cylinder on an elastic half-space [3] . Equations (2) and (3) are numerically solved to determine the E vib value.
Where, η = Poisson's ratio of the material, L = length of the drum, B = contact width of the drum, and R' = radius of the drum, F s = drum force, and z d = drum displacement. The E vib values increase with increasing pass number. The automatic feedback control (AFC) system developed by Bomag automatically adjusts the amplitude depending on the pre-selected settings or drum behavior.
Caterpillar IC System
The Caterpillar IC system includes an accelerometer, slope sensor, controllers, communication data radio, GPS, 
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− 82 − and on-board report system, integrated into so-called Caterpillar AccuGrade system. The Caterpillar IC measurement values are compaction meter values (CMV), resonance meter value (RMV), and machine drive power (MDP). CMV is a dimensionless compaction parameter, computed using equation (4), where C is a constant (i.e. 300), A 2Ω = the acceleration of the first harmonic component of the vibration, and A Ω = the acceleration of the fundamental component of the vibration [4] .
The scaling is made so that CMV values could cover a range of 150. The CMV is reported as average values within two cycles of vibration or typically 0.5 seconds. It was found that CMV increases monotonously with the stiffness of soil. Since the CMV is an integral with contribution from large depths (3 to 6 feet for Caterpillar IC rollers) with the highest weighing of the layers, a special care should be taken when comparing CMV to other in-situ spot measurement such as light weight deflectometer (LWD) that generally corresponds to the top shallower layer. MDP (in kJ/s) is a relative value referencing the material properties of the calibrated surface shown in equation (5) . Positive MDP indicates the surface is less compacted than the calibration surface, while negative MDP indicates vice versa.
(5)
Where P g = gross power needed to move the machine, W = roller weight, A' = machine acceleration, g = acceleration of gravity, α = slope angle, v = roller velocity, and m and b = machine internal loss coefficients.
Dynapac IC System
The Dynapac IC system is called DCA IC system that measures CMV as an indicator of compaction quality similar to Caterpillar IC system. The machine also reports a bouncing value (BV or RMV) which provides an indication of the drum behavior such as continuous contract, partial uplift, double jump, rocking motion, and chaotic motion as expressed in equation (6), where A 0.5Ω is subharmonic acceleration amplitude caused by jumping (the drum skips every other cycle).
(6)
Sakai IC System The Sakai IC system is called compaction information system (CIS). The basis of the Sakai IC system is the IC roller equipped with compaction control value (CCV) measurement system, temperature sensors, and GPS. The current Sakai IC system does not yet consist of auto-feedback. The CCV is a relative stiffness index determined from the measured acceleration data based on the harmonic frequency. The principle of CCV can be conceptualized shown in Fig. 2 that the roller drum gets into a "jumping" motion which results in vibration accelerations at various frequency components as the ground is getting stiffer. The CCV is computed based on the equation below. 
Modeling of IC Response
The influence depth of vibratory roller has been a central issue in this research area. Rinehart and Mooney [5] conducted experimental and analytical study to assess the measurement depth and volume of vibratory roller-measured soil stiffness. Three test pads that include crushed stone over clayey, clayey sand, and crushed rock over sandy silt with lifts were constructed. The influence depth was experimentally determined by observing the variation of roller-measured stiffness. The point where the stiffness remains constant was regarded as the critical depth in this study. Two types of IC rollers were utilized on test pads and the influence depth was found to range from 0.9 to 1.2 m. Through the analysis of stress and strain, the measurement depth was found to be weakly dependent on excitation force amplitude. Facas et al [6] investigated the degree of anisotropy in the spatial distribution of rollermeasured soil stiffness based on the roller measurement value (MV). The spatial distributions of roller MV data exhibited anisotropy in MV values in the longitudinal xdirection and in the transverse y-direction. The degree of anisotropy (x-range/y-range) varied from 2.4 to over 5.0. The study reported that the cause of anisotropy is attributed to the direction nature of earthwork construction activities. Mooney and Facas [7] employed a 2 dimen- sional plain strain dynamic linear elastic finite element model to simulate and investigate vibratory drum interaction with layered soil. They simulated successfully experimental results as shown in Fig. 3 .
Summary of Case Study on IC
Numerous attempts have been made to correlate different IC values to soil properties that include soil dry unit weight, strength, and stiffness/modulus. A comprehensive study NCHRP 21-09 [8] was conducted to evaluate interactions between five IC measurements and in-situ spot test measurements at 17 different soil types. The study revealed that heterogeneity in support conditions of layers underlying the compaction layer was one of the major factors that influence correlations between IC values and point measurements. This is largely attributed to differences in measurement influence depths between the roller and the in-situ point values illustrated in Fig. 4 . From this perspective, DCP tests were found to be effective in detecting deeper "week" areas that are commonly identified by IC values and not by a spot measurement. Table 2 shows the summary of typical range of adjusted R 2 values from the multiple regression analysis conducted from the study. Accounting for soil moisture content and variations on machine vibration amplitude and frequency was beneficial to improve the regression results. It was also found that better correlations were achieved from low amplitude settings (e.g., 0.7 to 1.1 mm). Chang et al [1] performed a series of field demonstration projects. Several different in-situ testing methods were employed in order to correlate IC values with various spot measurements as follows: 1) Light Weight Deflectometer (LWD) with a 200-mm diameter plate using 50 cm drop height to determine elastic modulus (E LWD ), 2) DCP to determine California Bearing Ratio (CBR), 3) Calibrated nuclear gauge (NG) to determine moisture-density, 4) Falling Weight Deflectometer (FWD), 5) Static Plate Loading Test (PLT) with a 300-mm diameter plate to determine initial (E V1 ) and re-load modulus (E V2 ), and D-SPA to determine low-strain elastic modulus (E D-SPA ). The key findings can be summarized as follows:
• Most cases exhibited poor to good correlations between IC and points measurement values, which might be attributed to the spatial variation of support layer condition.
• Generally, the IC values along with ELWD, DCP, CBR, and dry unit weight on lane compacted in static mode were slightly higher compared to the values on lane compacted in low to high amplitude mode.
• Similar to compaction curve, the optimum IC values can be identified from the number of pass of roller.
• No obvious evidence shows that the machine settings such as frequency, amplitude, and speed will affect the correlation quality.
• The correlations are very dependent on materials used and moisture conditions • Among devices evaluated, E LWD and E FWD seem to produce most promising correlations with IC values.
Recommendations for Future Work
IC technique for earthwork construction has been reviewed in this paper. The following recommendations 
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• Based on the measurements from the case study conducted, multiple measurements over the drum width are needed to improve the correlation.
• Further study on the averaging scheme in correlation and calibration process using geostatistical approach is recommended.
• More research work needs to be conducted to capture the stress-dependent elastic modulus, the material damping in the soil.
• To ensure the measurement accuracy, the Global Position System (GPS) needs to be calibrated prior to any activities.
